Femtosecond laser writing of buried graphitic structures in bulk diamond by Neff, M. et al.
Appl Phys A (2009) 97: 543–547
DOI 10.1007/s00339-009-5393-x
Femtosecond laser writing of buried graphitic structures in bulk
diamond
M. Neff · T.V. Kononenko · S.M. Pimenov · V. Romano ·
W. Lüthy · V.I. Konov
Received: 29 May 2009 / Accepted: 12 August 2009 / Published online: 2 September 2009
© Springer-Verlag 2009
Abstract Diamond samples are irradiated with 140 fs
pulses of 800 nm wavelength. The pulse repetition rate is
1 kHz. In the focal region of the irradiated pulses the dia-
mond is transformed to graphite. The writing of graphitic
wires along the incident beam is studied experimentally.
A technique to produce buried graphitic wires with constant
diameter is described. Diameters can be selected between
1.5 µm and 10 µm. The wire length is up to 680 µm. The
writing speed is typically between 1 µm s−1 and 30 µm s−1.
PACS 61.80.Ba · 79.20.Ds · 81.05.Uw
1 Introduction
It has been shown that diamond samples can be micro
structured with fs-laser pulses [1–4]. These experiments
showed the appearance of breakdown on the diamond sur-
face as well as in the bulk. With the use of fs-laser pulses
thermal conductivity can be neglected and therefore very
fine structures can be expected [5]. With Raman spec-
troscopy it could be shown that the generated structures
consist of graphite [3, 6]. Also theoretical studies showed
that under the interaction with fs-laser pulses a diamond
should undergo a non-equilibrium phase transition from the
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metastable sp3-bonded diamond to the stable sp2-bonded
graphite [2, 7–9]. Such micro-structured diamonds are in-
teresting by themselves, but can also be used for practical
applications such as optical memories with a storage density
comparable to a DVD [10] or for the generation of photonic
crystal structures. Another application could be found in the
production of diamond photodiodes or in ultra-fast micro-
structured electrical high voltage devices [11]. Due to the
constant development of the CVD technology that also al-
lows rapid growth [12, 13] synthetic diamond is available in
a large product range of desired size shape and price.
Until now, several experiments have been performed
which provide information about the nature of these micro-
structures as well as power thresholds required to produce
breakdown on the diamond surface or in bulk [1–4]. Espe-
cially in [3] and [4] it has been shown, however, that repet-
itive irradiation into the bulk of the diamond sample results
not only in a graphitization in the focus of the laser beam
but tends to grow towards the incident beam. This continued
growth can influence the writing of lateral and longitudinal
structures in an undesired way. With the goal to better under-
stand and control the structuring process, in a first step the
writing of longitudinal structures has to be studied in more
detail. In this paper we compare the continuous growth with
stationary focusing with the growth due to a focus in uni-
form motion towards the incident beam. It is shown that very
fine structures close to the optical resolution can be written
if the speed of the moving focus is chosen appropriately.
2 Experimental
The experimental setup is shown schematically in Fig. 1. For
micro-structuring a mode-locked Ti:sapphire laser (Spectra
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Fig. 1 Experimental arrangement with mode-locked titanium sapphire
laser (Ti:sapphire), regenerative amplifier (RA), Pockels cell (P), neu-
tral density Filters (F1 and F2), glass plate (G), photo diode (PD),
microscope objectives 20 × (f1), adjustable diamond sample (D), py-
roelectric detector (Py), incandescent lamp (L), microscope objective
10 × (f2), and CCD camera (CCD)
Physics Tsunami) operated at 800 nm with 12 nJ pulse en-
ergy is used. The output is amplified with a regenerative am-
plifier (Spitfire Pro) to 1 mJ. The pulse length of the laser
system is 140 fs at a repetition rate of 1 kHz. The power irra-
diated onto the target is adjusted with optical filters. To mea-
sure the chosen laser power during the experiment, about
8% of the beam is reflected at a microscopic object plate of a
thickness of 150 µm tilted by about 10° to the incident beam.
The reflected laser signal is detected with a photodiode (FD-
24). To allow monitoring of the interaction from the side
of the target, the experiments are performed on monocrys-
talline diamond samples of 5 mm × 1.5 mm × 0.5 mm.
These samples are of optical quality with polished sides. For
adjustment and also to produce continuous structures the di-
amond samples are mounted on a three-dimensional trans-
lation stage. The translation stage along the beam direction
is motor driven with a velocity down to 1 µm s−1. The laser
beam is focused into the sample with a 20× microscope ob-
jective. The obtained beam diameter at intensity level 1/e in
the focal plane is measured to be 2.3 µm using the technique
of Liu [14]. The generation of the graphite structures is ob-
served perpendicularly to the laser beam. With a microscope
objective (10×) of long working distance the target is im-
aged onto a CCD camera. The working distance is sufficient
to image the full lateral dimension of the diamond sample
of 5 mm. For illumination the transmitted light of an incan-
descent lamp is used. Behind the sample the energy of the
laser pulses is measured with a pyroelectric detector (Spec-
tra Physics 407A). With the sample removed this detector is
used to calibrate the photodiode.
3 Results
In a first experiment the continuous growth rate with a sta-
tionary focal plane of the incident laser beam is measured.
The focus of the incident beam is set at the rear surface of
Fig. 2 Continuous graphitization at an incident power of 210 µW. The
arrow indicates the direction of irradiation. The left border of the figure
coincides with the rear surface. With continued irradiation the graphi-
tized region grows in the direction opposite to the arrow
Fig. 3 Length of the structure produced with a power of 210 µW as a
function of time
the diamond sample. With respect to the bulk, the graphi-
tization threshold at the surface is essentially lower. The
duration of the laser irradiation is selected with a shutter
(Pockels cell P). With an average power of 210 µW that
is close to the damage threshold the initial breakdown oc-
curs at the rear surface. After this first lesion the graphitized
structure grows towards the incident laser beam. This con-
tinuous growth arises due to the high absorption in graphite
allowing also lower laser intensities to reach the interaction
threshold. The graphitized region after 20 seconds of irradi-
ation is shown in Fig. 2.
The temporal development of the graphite trace is record-
ed with a frame rate of 25 images per second. Figure 3 shows
the growth rate for the first 50 frames. In these 2 seconds af-
ter the appearance of the breakdown nearly the whole struc-
ture is generated. In the following 18 seconds the length of
the graphitization increased only by about 2 µm.
From Fig. 2 it is seen that the graphitized region has a
conical shape. The temporal development of the structure
diameter during the growth process is determined. In each
of the 53 first frames only the new generated part of the
structure is analyzed. There the diameter is measured at the
thickest part at the front end at FWHM of the grey value.
Since the shape of the structure front changes somewhat in
each frame the measured diameters scatter but still a linear
decrease of the diameter as a function of time can be seen
(cf. Fig. 4)
Femtosecond laser writing of buried graphitic structures in bulk diamond 545
Fig. 4 Diameter of the structure produced with a power of 210 µW
as a function of time. The diameter is measured at FWHM of the grey
values. The trend line is a linear approximation
Fig. 5 Diameter of the structure produced with a power of 210 µW as
a function of growth rate. The trend line is a polynomial of 4th order
A comparison of Figs. 3 and 4 allows determining the
diameter of the structures as a function of the growth rate.
The result is shown in Fig. 5.
The same experiments have also been performed with a
power of 1.53 mW. A sequence of frames is shown in Fig. 6.
From the figure it is seen that damage starts with a series
of small lesions. The power of the laser is high enough to
produce a graphitization even 65 µm away from the surface.
This graphitization shadows the other lesions from the laser
beam and continues to grow towards the incident beam.
The length of the graphitized region as a function of time
is shown in Fig. 7. In view of the first 65 µm that are gen-
erated at the very beginning of the irradiation, the structure
length is only evaluated between 60 µm and 100 µm.
In a second experiment the focus is positioned behind
the surface so that no interaction occurs. Then the focus
is moved with constant speed towards the irradiating beam.
When the intensity is sufficient to start the interaction, the
diameter of the graphitization depends on the constant speed
in the same way as the cone diameter on the growth rate of
Fig. 6 Development of the graphitization with an irradiated power of
1.53 mW. The left border of the picture coincides with the rear sur-
face. The arrow shows the direction of the irradiated light. The differ-
ent frames (from top to bottom) are taken at 40 ms, 80 ms, 120 ms, 1 s
and 2.76 s
Fig. 5. This causes smaller diameters for lower speed. Ex-
perimental traces of graphite produced with different speed
are shown in Fig. 8.
With a laser power of 210 µW the graphitization thresh-
old is only reached in a small area with a diameter compara-
ble to the focus diameter. Therefore the interaction region is
well localized and not spread over a wide area. This allows
writing of structures with a constant diameter. The diame-
ter of the produced structure can be chosen by adjusting the
writing velocity.
The same experiment was also performed with 1.53 mW.
The result is shown in Fig. 9.
From Fig. 6 it is seen that with a laser power of 1.53 mW
breakdowns occur not only in the focal plane as it happens
with 210 µW. The threshold to allow a breakdown is reached
in an area of 65 µm around the focal plane. The occurrence
of the breakdown is then not controllable and depends on the
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Fig. 7 Length of the structure produced with a power of 1.53 mW as
a function of time
Fig. 8 Graphitized traces written with 210 µW with speeds of (from
top to bottom) 1 µm s−1, 3 µm s−1, 5 µm s−1, 10 µm s−1 and 30 µm s−1.
The width of the traces is about 1.5 µm, 2 µm, 2.5 µm, 3 µm, and
3.5 µm respectively. The length of the traces was up to 680 µm in a
correspondingly thicker sample
local irregularities of the bulk. Consequently also in Fig. 9
no regular traces are written. Due to this unpredictable ap-
pearance of breakdowns the traces tend to be interrupted.
These new spots of graphitization shadow the preliminarily
generated traces which therefore cannot grow any further.
Independent from speed in the range of 30 µm s−1 to
100 µm s−1 all the traces have about 10 µm width. Only for
growth rates lower than 30 µm s−1 an essential reduction of
the diameter can be observed (cf. Figs. 6 and 7). The same
relation of growth rate and diameter can be seen in Fig. 5
which is valid for a laser power of 210 µW. The diameter
of the continuous growth is rather constant for growth rates
between 25 µm s−1 and 160 µm s−1. Only for growth rates
lower than 25 µm s−1 smaller diameters can be achieved.
Fig. 9 Graphitized traces written with 1.53 mW with speeds of (from
top to bottom) 30 µm s−1, 30 µm s−1, 50 µm s−1, and 100 µm s−1. The
width of all the traces is about 10 µm
We assume that shadowing is also responsible for the
feather-like shape of the traces in Fig. 9. The occurrence of a
primary modulation of the written trace is based on instabili-
ties described in [15]. The crucial parameters that can lead to
instabilities are listed in chapter 28.3 of [15]. Due to these
instabilities the graphitization does not occur in a smooth
line but rather in a chain of bumps as they can be seen in
Fig. 8. These bumps can continue to grow at their illumi-
nated side until they are shadowed by a next bump in growth
direction. In Fig. 8 these feathers are less pronounced since
graphitization is limited to the focal region.
From these findings we conclude that writing of longi-
tudinal structures is best controlled with a laser power that
is only slightly above the threshold for graphitization. This
assures that the interaction only occurs in the focal region.
Under the same conditions it should also be possible to write
lateral structures. Efforts to experimentally verify this lateral
graphitization are in progress.
4 Conclusion
Monocrystalline diamond samples were irradiated with
140 fs pulses of 800 nm wavelength. The pulse repeti-
tion rate was 1 kHz. In the focal region of the irradiated
pulses the diamond is transformed to graphite. The writing
of graphitic wires along the incident beam was studied ex-
perimentally. A technique to produce buried graphitic wires
with constant diameter has been described. Diameters can be
selected between 1.5 µm and 10 µm. The length of the trace
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was up to 680 µm. The writing speed is typically between
1 µm s−1 and 30 µm s−1. It is shown that regular traces with
small diameter can be produced with a laser power that is
only slightly above the interaction threshold and low scan-
ning speed close to 1 µm s−1.
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